Diffusion-weighted (Dw) imaging has for a number of years been a diagnostic tool in the field of neuroradiology, yet only since the end of the 1990s, with the introduction of echoplanar imaging (EPI) and the use of sequences capable of performing diffusion studies during a single breath hold, has it found diagnostic applications at the level of the abdomen. The inherent sensitivity to motion and the magnetic susceptibility of Dw sequences nonetheless still create problems in the study of the abdomen due to artefacts caused by the heartbeat and intestinal peristalsis, as well as the presence of various parenchymal-gas interfaces. With regard to focal liver lesions, a review of the literature reveals that Dw imaging is able to differentiate lesions with high water content (cysts and angiomas) from solid lesions. With regard to the latter, although there are differences between benign forms [focal nodular hyperplasia (FNH), adenoma] and malignant forms [metastasis, hepatocellular carcinoma (HCC)] in their apparent diffusion coefficient (ADC) in the average values for histological type, there is a significant overlap in values when lesions are assessed individually, with the consequent problem of their correct identification. One promising aspect is the possibility of quantifying the degree of fibrosis in patients with chronic liver disease and cirrhosis given that the deposit of collagen fibres "restricts" the motion of water molecules and therefore reduces ADC values. However, even in this field, studies can only be considered preliminary and far from real clinical applications. The retroperitoneum is less affected by motion artefacts and similarly deserves the attention of Dw imaging. Here it is possible to differentiate mucin-producing tumours of the pancreas from pseudocystic forms on the basis of ADC values even though the limited spatial resolution of Dw imaging does not enable the identification of small lesions. Dw imaging may be applied to the study of the kidney to differentiate hydronephrosis from pyonephrosis and with regard to tumours, solid from pseudocystic forms. In addition, given that renal parenchyma has significantly variable ADC values on the basis of the anatomic section and physiological conditions, the possibility of assessing functional alterations is currently being studied. Indeed, a good correlation has been found between ADC values and glomerular filtration rate. With regard to musculoskeletal applications, the absence of 393 motion artefacts in the regions studied has enabled the development of sequences less sensitive to magnetic susceptibility and with greater spatial resolution than EPI. Attempts have therefore been made to use Dw imaging in the characterization of soft-tissue tumours although the findings so far have been disputed. Greater agreement has been found regarding sensitivity of the technique in assessing response of these tumours to chemotherapy: tumour necrosis is thought to increase ADC whereas the persistence of vital neoplastic tissue tends to lower it. One of the most promising applications of Dw imaging is without doubt the assessment of vertebral collapse where a high ADC has been shown to be associated with an osteoporotic cause and a low ADC with a neoplastic cause. Nonetheless, even here, a moderate overlap between ADC values of the two types has been encountered. Dw imaging has also been used in the assessment of bone marrow cellularity: areas of tightly packed cells show a higher ADC value than hypocellular areas. In particular, no significant difference in ADC is noted between normal hypercellular bone marrow and hypercellular bone marrow secondary to lymphomatous infiltration whereas this difference is significant between hypocellular, normocellular and haematopoietic hypercellular bone marrow. With regard to the study of joints, the limited structure dimensions, particularly cartilage, creates technical difficulties related to spatial resolution and an adequate signal-to-noise ratio, problems that can only be solved by further technological developments. Lastly, a significant difference in ADC values between degenerative and inflammatory effusion has been found, a fact that may be explained as the result of the activity of hyaluronidase present in inflammatory forms, which causes a reduction in the concentration of hyaluronic acid with a consequent decrease in viscosity. 
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Riassunto

In ambito neuroradiologico, l'imaging pesato in diffusione può essere considerato una realtà diagnostica da vari anni, mentre a livello addominale, soltanto verso la fine degli anni '90, quindi con l'introduzione delle tecniche eco-planari (EPI)
,
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Introduction
Recent technological advances in magnetic resonance (MR) equipment has led to the development of commercial devices with increasing performance, both with regard to intensity/uniformity of the magnetic field and gradient characteristics, making possible studies with advanced techniques, such as the assessment of the diffusion parameter (D). The main field of application of the earliest studies in molecular diffusion was neuroradiological [1] , where diffusion-weighted (Dw) sequences play an important part in the diagnosis of cerebral ischaemia in the hyperacute phase (0-6 h). At the same time, other applications were developed regarding both the characterization of brain tumours (with the possibility of differentiating the cystic/oedematous lesions from solid forms) and more recently the assessment of demyelinating diseases.
From applications limited to neuroradiology, steps have progressively been taken in other body regions, such as the abdomen [2-4] and musculoskeletal system [5-7] both in adults and paediatric patients. This interest is justified by the potential of DW imaging to qualitatively and quantitatively assess molecular motion on the basis of microstructural organization of the region being studied. The aim of this article is to present the current level of knowledge regarding acquisition of Dw images of the abdomen and musculoskeletal system, together with comments on paediatric disease.
Technical note
For the fundamentals of Dw imaging regarding physics and technical and semiotic aspects, the reader is referred to an earlier work [8] . The following summary is limited to the main technical problems related to the region being studied.
In the abdomen the study of the diffusion parameter became possible with the development of ultrafast sequences. This enabled the entire acquisition to be made in a single breath hold, thus eliminating respiratory artefacts and reducing those resulting from vascular pulsation and intestinal peristalsis, which lower the signal-to-noise ratio (SNR) and create difficulties for quantitative analysis.
Those ultrafast sequences were echoplanar imaging (EPI) sequences, which, thanks to acquisition of around 30-60 ms per image, reduce artefacts due to macroscopic physiological motion.
The high acquisition speed, however, does have its limits, especially with regard to spatial resolution. Those limits have hampered the use of these sequences to obtain T2-weighted images in the study of the abdomen and naturally have an effect in the study of diffusion, particularly with regard to high sensitivity to magnetic susceptibility artefacts caused by the interface between tissue and air/gas (Fig. 1) .
It should also be borne in mind that with the exception of the kidney, there is no need to distinguish between isotropic and anisotropic acquisitions in the abdomen, as is required in neuroradiology. The abdominal organs and their relative focal lesions do not possess a characteristic structural organization like the fibres of white matter.
The sequences adopted for the study of the abdomen, therefore, are very similar to those used for the study of ischaemic disease in the brain.
Technically speaking, based on our experience and in line with other studies on the subject [2-4], the MR examination should be performed with a high-field superconductive magnet (1.5 T) equipped with 23-30 mT/m intensity gradients, a slew rate of 150 mT/m per second and phased-array surface coils. All sequences are acquired in breath hold to reduce respiratory artefacts.
After a preliminary conventional study with T1-and T2-weighted sequences, Dw images are acquired using a variation of the spin-echo sequence (Stejskal and Tanner sequence) performed with the single-shot echoplanar technique (SE-EPI-SSh).
This entails a classic spin-echo sequence characterized by two successive radiofrequency impulses at 90°and 180°, to which two additional gradients known as motion-probing gradients (MPGs) equal in breadth and duration but opposite in direction are added immediately before and after the 180°i mpulse.
The amount of weighting in diffusion of the sequence is 
where γ is the gyromagnetic constant, G and δ are the breadth and the duration of the diffusion gradients, respectively, and Δ is the time interval between their application [8] . 1a-d Difference in magnetic permeability, magnetic field deviation and image deformation. a Field lines in the air (μ1) and in the context of the object immersed in the magnetic field (μ2) with the consequent deviation of the magnetic field itself. b Single-shot echoplanar (SE-EPI) image with b=0 of a cylindrical phantom containing water; three smaller cylinders containing ultrasound gel are placed around it. c Note deformation of the cylinder in the SE-EPI image "weighted" in diffusion (b=800 s/mm 2 ) without the presence of the cylinders, which already shows the sequence sensitivity to magnetic susceptibility. d After repositioning the cylinders, this finding was more noticeable at the level of the interface between the cylinder of water and the cylinder of gel (black arrow) as a focal deformation of the phantom outline in the direction of the phase-code gradient. where S is signal intensity in pixels after the application of diffusion gradients for a given b value, S 0 the signal intensity when b equals 0 whereas ADC is the apparent diffusion coefficient [expressed in millimetres squared per second (mm 2 /s)]. ADC is usually measured by linear regression analysis with the following formula:
Fig. 1a-d
The other parameters of the sequence generally used are: TR 1,800-5,000 ms, 60<TE<120, matrix 128x128-256, number of measurements 1, indicative band width 2,080 Hz/pixel, number of sections acquired 12-20, slice thickness 5-8 mm, and field of view (FOV) variable based on the build of the patient.
Chemical-shift artefacts are reduced by systematically using fat presaturation. In addition, where possible the use of parallel imaging can be an advantage, a technique capable of reducing acquisition time or increasing the matrix and therefore the spatial resolution without altering the acquisition time and without significant loss in image quality (sensitivity encoding, SENSE) [9] .
In the postprocessing phase, the various Dw images are used to obtain the respective ADC maps on which quantitative analysis of the signal is performed by positioning a region of interest (ROI) on the structure being studied.
As we shall see, the choice of the b value and therefore the degree of weighting in diffusion is a problem that cannot be overlooked and for which no solution has yet been found. Various studies using different b values have yielded different results Of these, we would like to draw particular attention to the significant differences reported in the literature between ADC values of the normal and cirrhotic liver as well as focal hepatic lesions. In the retroperitoneum, the problems linked to respiratory, cardiac and peristaltic motion are less noticeable. The current tendency is to use a superconductive magnet with a field intensity of 1.5 T, gradients of 30 mT/m, slew rate of 150 mT/m per second and a 4-channel phased-array coil [10] . DW images are acquired using an SE-EPI-SSh sequence (TR=2,883, TE=61, flip angle=90°, FOV variable, matrix=128x256), with b values of 0 and 500 s/mm 2 (acquisitions can, however, be made with higher values). In addition, parallel imaging is used.
In the musculoskeletal system, limitations induced by involuntary motion are less perceptible or even entirely imperceptible. Various sequences have been proposed to reduce sensitivity to magnetic susceptibility typical of EPI and improve spatial resolution in acquisitions that require an FOV smaller than those used for the abdomen.
The first attempts were made with conventional spin-echo sequences, which have a high SNR and very low magnetic susceptibility, but acquisition times were calculated in minutes, with a consequent increase in sensitivity to motion artefacts [1] . mente l'ampiezza e la durata dei gradienti di diffusione e Δ è l'intervallo di tempo intercorrente fra la loro applicazione [5] To solve this problem, some studies used single-shot multiecho sequences [rapid acquisition with relaxation enhancement (RARE) or half-Fourier-acquired single-shot turbo spin-echo (HASTE)] although the findings to date are limited [11] . Other sequences commonly reported in the literature, especially for the study of cartilage, are based on steady-state free precession (SSFP).
These sequences have relatively short acquisition times although they are not directly comparable with EPI-Dw sequences, as well as a high SNR. However, performing quantitative assessments of diffusion is not a simple matter: the b value in this type of sequence, required to calculate ADC, is not clearly definable without knowing the T1 and T2 relaxation times [12] .
Most studies in the literature, however, reveal that currently, the most commonly used sequences are SE-EPI-SSh [13] , with a configuration not unlike that presented above with regard to the study of the abdomen and retroperitoneum. The use of dedicated coils, a slice thickness of 4-6 mm, FOV relative to the segment being studied and a matrix of 128x128-256 are obviously required.
The most important parameter is still the b value, which, as noted earlier, determines the real "weighting" in diffusion of the sequence. The most common b values reported vary between 300 and 1,000 s/mm 2 based on the MR device being used, the minimum requirements of which were mentioned above. ( Fig. 2) , which are all higher than those of hepatic parenchyma. Ichikawa et al. [15] studied 74 hepatic lesions (48 HCC, 15 metastases and 11 angiomas) (Table 1 ) using the sequences and the protocol mentioned above [15] , with some minor variations.
In
Since high b values (>400 s/mm 2 ) reduce the signal intensity of the liver with resulting poor image quality, the authors chose to use b values equal to 1.6, 16 and 55 s/mm 2 , thus obtaining three sets of differently weighted Dw images, even though with such low b values the image proves to be more influenced by phenomena of perfusion and T2 relaxation time (shine through) than by diffusion. All types of lesions (HCC, metastases and angiomas) showed mean ADC values higher than those of normal and cirrhotic liver except for some cases of metastases.
The mean ADC value of angiomas was the highest, followed by that of HCC and metastases ( Table 1 ). The possibility of differentiating cysts and angiomas from malignant lesions (Figs. 3 and 4) has already been noted in another study [16] The problem of the correct choice of the b value therefore appears vital, and in those years, it was tackled most convincingly by Yamada et al. [17] . As mentioned above [8] , the term intravoxel incoherent motion (IVIM) defines the microscopic translations that occur within the voxel. This microscopic motion in biological tissue includes not only molecular diffusion of water but also microcirculation of blood (perfusion).
Due to the random organization of the capillary network at the level of the voxel, even the microcirculation of blood can be considered incoherent motion. Therefore, ADC includes both the effects of "real" diffusion and perfusion (pseudodiffusion). This corresponds to the "true diffusion coefficient" (D) only when diffusion is the only type of motion present (as occurs in a test tube containing distilled water). This explains why ADC values reported in in vivo tissue are often higher than those expected based on the b value used. Yamada et al. [17] [17] . Come già ri- out taking into account effects of perfusion proved of little use for differentiating hepatic lesions [17] . Examinations with low b values suffer significantly from T2 effects (shine through), and calculation of ADC on the maps obtained contains a significant amount of nondiffusional IVIM, often derived from perfusion. It would therefore be fair to say that such examinations are little "weighted" in D and heavily "weighted" in T2 and perfusion, and the same authors suggest it is worthwhile assessing the effective D and the perfusion fraction f with multiple measurements and an increasing b value (up to 1,100 s/mm 2 ) (Table 1) . It should be borne in mind, however, that measurements performed with b>1,000 s/mm 2 provide low-quality images, with an unfavourable SNR and low spatial resolution. In addition, repeated measurements with increasing b values lengthens acquisition times, creating problems of repeatability, particularly with less-than-cooperative patients.
Other relevant considerations can be found in a thoroughly conducted study [18] . The authors made acquisitions with varying b values on a phantom containing two liquids with known ADC values (of course, ADC=D in these cases), namely, water (2.29x10 -3 mm 2 /s) and acetone (3.98x10 -3 mm 2 /s). The aim was to obtain a definite reference parameter for the measurements performed. The acquisitions demonstrate significant differences between normal and cirrhotic liver (Table 1) and between benign and malignant hepatic lesions. With a threshold of 1.6x10 -3 mm 2 /s and a maximum b value <846 s/mm 2 , a sensitivity of 98% and a specificity of 80% are achieved in differentiating malignant from benign lesions.
A revision of the subject was recently performed in a particularly interesting manner, both from the technical and conceptual point of view [4] . In most previous studies, ADC values were measured in one direction only, implicitly assuming that unlike the brain and kidneys, diffusion in the liver was isotropic.
Moreover, ADC values of benign hepatocellular lesion, such as focal nodular hyperplasia (FNH) (Fig. 5 ) and adenoma had never been measured. The study involved 66 patients affected by 52 cystic, angiomatous, solid benign and malignant focal hepatic lesions with diameters between 1 and 15 cm (Table 1) .
Assessment was also extended to the normal and cirrhotic parenchyma. Two Dw sequences were acquired in breath hold using single-shot EPI with fat presaturation pulses. The study showed there is no statistically significant difference between ADC values (of normal parenchyma, cirrhotic parenchyma and focal hepatic lesions) measured in the three directions, unlike in the brain and kidneys. Therefore, the liver has an isotropic diffusion pattern, probably due to its random structural organization, and the adoption of multidirectional diffusion gradient -i.e. along the three directions in space -is therefore not required. The study also showed that the measurements of ADC values are all the more accurate the greater the number of b values used along the direction of the selection of the slice (four increasing b values: 0, 134, 267 and 400 s/mm 2 ).
cordato [8] This fact tends to invalidate, at least in part, the usefulness of Dw images for characterizing focal hepatic lesions if the possibility of differentiating cysts and angiomas is excluded. In fact, hepatic cysts have the highest ADC values owing to their fluid content, with unrestricted movement of water molecules, whereas angiomas have high ADC values owing to their rich vascular component.
To summarize, a number of significant limitations to Dw images need to be recognized with reference to the sequences used.
The SE-EPI-SSh has limited spatial resolution and low SNR and therefore cannot be used to assess lesions with a diameter less than 1 cm. Several studies suggest the possibility that new fast sequences will improve image quality and reduce artefacts associated with echoplanar acquisitions [19] .
In addition, the use of magnets with a 3T field intensity could improve the signal in diffusion [20] This finding is attributable to the progressive accumulation of extracellular fibrillar matrix (mainly type I and type II collagen), which characterize chronic liver disease of any aetiology and is most completely expressed in cirrhosis (chronic sclerogenous liver disease), which is distinct from the formation of regenerative nodules surrounded by fibrotic septa, which profoundly change the hepatic parenchyma. The interstitial deposit of collagen fibres within the lobule modifies the content and motility of water molecules; this may be considered the expression of MR diffusion, probably causing a "restriction" of the movement of water molecules, which is evident by the reduction of ADC values with respect to healthy parenchyma. The possibility of noninvasively quantifying the degree of fibrosis (i.e. without the need for a liver biopsy) has recently led several researchers to assess the usefulness of Dw MR imaging in the diagnosis of cirrhosis and quantification of hepatic fibrosis in subjects suffering from chronic liver disease and cirrhosis.
One of the primary aims of the study was to determine whether it is possible to distinguish the varying degrees of fibrosis and inflammation in patients with chronic hepatitis C by acquiring Dw sequences with a single breath hold and five increasing b values (50-250 s/mm 2 ) applied along the three axes [21] .
The study failed to find a correlation between ADC values and the degree of fibrosis/disease activity -assessed histologically with liver biopsy -suggesting that the tissue modification induced by hepatitis C cannot be quantified with Dw imaging.
The lower ADC values in the cirrhotic live compared with the healthy liver was confirmed in a recent study [22] and appears clearer at high b values (600-800 s/mm 2 ) and with very long T2 sequences (5,000 vs. 3,500 ms). The same study also showed a correlation between serum levels of hyaluronic acid (a marker of hepatic fibrosis), the Child-Pugh classification and ADC values.
In the retroperitoneum and with regard to the pancreas, EPI-Dw sequences can be useful in differentiating mucinproducing tumours from other histological types [23. 24] . Using a maximum b value of 300 s/mm 2 , the mean ADC of viscous fluid (contained in both cystic cavities and the main pancreatic ducts) of mucin-producing tumours is substantially lower than that of serous tumours and cerebrospinal fluid but with values in the range of pancreatic pseudocysts. However, since the latter are not associated with the presence of viscous material within the duct of Wirsung, the calculation of ADC performed within the cystic lesion and the main pancreatic duct may be useful for differentiating pseudocysts (Wirsung with a relatively high signal, higher than the cystic lesion) from mucin-producing tumours (Wirsung with a relatively low signal, nonetheless the same as the cystic lesion 
Therefore, small peripheral mucin-producing tumours (situated near the peripheral ductal branches) cannot be visualized.
The kidney is a good candidate for Dw imaging given the relative hypomotility of water molecules within the organ. Recent studies [25] [26] [27] [28] [29] report ADC values of normal renal parenchyma to be higher than those of other abdominal parenchyma in relation to high blood flow and function of fluid transportation performed by the kidney.
The first mean ADC value of normal renal parenchyma reported in the literature was 3.54x10 -3 mm 2 /s [26] . The same study also assessed ADC value in patients initially dehydrated and then rehydrated, measuring mean values higher by around 25% in conditions of hydration than in dehydration (3.56 vs. 2.88x10 -3 mm 2 /s, respectively) [27] . ADC values of the kidney are also influenced by variations in the degree of perfusion [30] . An experimental study on animals assessed the effect of intravenous administration of high-viscosity nonionic contrast material on flow in the renal cortex and medulla, showing that following administration, there is a transitory reduction in ADC values both in the cortex and medulla.
This is explained by a reduction in perfusion induced by the contrast material itself. ADC values measured also vary according to where the measurements are made. The ADC of the cortex is usually lower than that of the medulla (2.55 vs.
2.84x10
-3 mm 2 /s, respectively), as reported in studies on healthy volunteers [28, 29] and animals [30] .
This finding has been confirmed by another study [25] that measured ADC values at the upper pole, lower pole and central portion of the kidney using b values varying from 317 to 932 s/mm 2 . It was shown that the higher b values obtained significantly lower ADC values (1.36-1.51x10 -3 mm 2 /s) at all levels studied. Furthermore, the central portion of the kidney was least affected by perfusion. The study showed an ADC value at the upper pole significantly higher than at the central portion using low b values whereas no significant differences were obtained with high b values. This is explained by anisotropic diffusion in that structures in the polar regions are oriented parallel to the gradients whereas in the central portion, they are perpendicular. Furthermore, there is a greater amount of cortex than medulla in the renal poles, and it should be borne in mind that blood flow in the cortex is about ten times greater than in the medulla. High ADC values at the poles are therefore justified by the greater perfusion, an effect noted when low b values are used whereas with high b values, that effect is almost entirely eliminated [25] . In fact, it has already been mentioned that as b increases, the weighting in D increases, and the effects secondary to nondiffusional IVIM, such as perfusion, are almost entirely eliminated.
It should be borne in mind that the findings presented so far refer to studies published in the last 10 years obtained with different devices (some commercially available, others dedicated to experimental studies) and using different examination techniques (different b values, hydrated and dehy- [23, 24] [28, 29] e nell'animale da esperimento [30] . Questo dato è confermato da altri autori [25] In a recent study [10] that measured ADC in three 1-cmdiameter regions in each kidney (within the normal renal parenchyma, the detected renal lesions and the collecting system if dilated) (Fig. 6) , for a total of 60 measurements, the calculated mean ADC was 2.41x10 -3 mm 2 /s with a b value of 500 s/mm 2 . It should be pointed out that in this study, the ROI was positioned in the central portion at the level of the cortical-medullary junction and not selectively in the cortex and medulla due to the limited spatial resolution of EPI and the albeit limited presence of motion artefacts. [10, [25] [26] [27] [28] [29] [30] [31] [32] .
di fibrosi epatica), la classificazione di Child-Pugh ed i valori di ADC. In ambito retroperitoneale, per quel che riguarda il pancreas, le EPI-Dw possono essere utili per differenziare i tumori mucinosi dalle altre varietà istologiche
Nello studio della funzione renale [27, 29] [10, 31] . Nella diagnosi differenziale fra idronefrosi (Fig. 7) The potential of Dw imaging has also been assessed in a variety of pathological situations, such as functional alterations, kidney infections, hydro/pyonephrosis and tumours [10, [25] [26] [27] [28] [29] [30] [31] [32] . The study of kidney function has shown a good correlation between ADC values and glomerular filtration rate [29] . Dw imaging might therefore be a useful noninvasive technique for assessing acute and chronic kidney failure and the parenchyma in patients with renal artery stenosis. ADC values in chronic kidney failure are lower than those in the normal kidney, both in the cortex and medulla, owing to loss of nephrons and the consequent reduction in water motility.
si è dimostrata una buona correlazione tra i valori di ADC e l'entità del filtrato glomerulare (GFR) [29]. L'imaging in diffusione potrebbe pertanto rappresentare un metodo nuovo e non invasivo per valutare l'insufficienza renale acuta (IRA) e cronica (IRC), e il parenchima in pazienti con stenosi dell'arteria renale (RAS). Nella IRC i valori di ADC risultano ridotti, ri-
ADC values in acute kidney failure are lower than those in the normal kidney, both in the cortex and medulla, but higher than those measured in chronic kidney failure. It is thought that reduction in ADC values is secondary to renal ischaemia and intracellular oedema, which in turn lead to reduction in the motion of water molecules. ADC values in renal artery stenosis are lower than those in the normal kidney due to reduction in perfusion, which is particularly evident in the cortex [25] . Another study has confirmed significantly lower ADC values both in the parenchyma of patients with acute and chronic kidney failure and in the renal cortex in patients with renal artery stenosis [28] . Inflammation appears to reduce ADC values; this has been found in cases of pyelonephritis and renal abscess or abscessed renal cysts [10, 31] . In the differential diagnosis between hydronephrosis (Fig. 7) and pyonephrosis, the pelvis of hydronephrotic kidneys is hypointense in Dw images whereas the pelvis in pyonephrotic kidneys is hyperintense (with ADC values approximately 2.98 and 0.64x10 -3 mm 2 /s, respectively) [32] . In fact, in the pyonephrotic kidney, the collecting system is full of high viscosity and high cellularity purulent material, which produces reduction in diffusion, high DW signal and low ADC values.
Dw imaging may also play a part in the assessment of kidney masses. There is a clear difference in ADC values of cystic and solid lesions (3.65 vs. 1.55x10 -3 mm 2 /s, respectively, with a b value of 500 s/mm 2 ). It should be noted that the tumours studied were on average smaller than 3 cm and therefore had a relatively homogenous structure. This characteristic justifies the clear cutoff found in ADC values of renal cysts and tumours (Figs. 8 and 9 ). Further studies, however, are required to determine the possible differences in ADC values between cystic and/or necrotic renal tumours and complex renal cysts.
The use of Dw sequences for the study of thoracoabdominal districts in paediatric patients is often hindered by motion artefacts secondary to free-breathing acquisitions in the case of uncooperative or sedated patients. A recent study examined the abdomen of eight paediatric patients with no clinical/humoural evidence of diffuse disease of the abdominal parenchyma (SE-EPI-SSh with b set to 300, 600 and 800 s/mm 2 ) [33] . Assessment of ADC values revealed a clear decrease in SNR with increasing b value (Fig. 10) . Values obtained with maximum b value were in line with those reported in the literature in adult patients with sequences acquired in breath hold or with respiratory triggering [16, 18, 34] . If these findings are confirmed by further studies, the possibility of performing Dw imaging in paediatric and sedated patients would have significant developments in the multimodal approach to abdominal paediatric disease. Using a similar sequence to the one described above, a low value of ADC was found in neuroblastomas (1.1x10 -3 mm 2 /s), suggestive of restricted diffusion [35] . The study justifies this figure by suggesting that cellular barriers in a tissue characterized by significantly high cellular density with a high nucleus/cytoplasm ratio has a limiting effect on water molecule diffusion. This ADC value seems to have been confirmed in another study carried out on seven neuroblastomas (Fig. 11) [33] .
The field of paediatric kidney/urinary tract disease could draw significant advantages from a technique capable of providing information regarding kidney function in shorter times although the certain use of Dw imaging in this sense has not yet been established [36] . The study of kidney diseases caused by reflux or stenosis of the pyeloureteral junction might also benefit from Dw imaging if the existence of a correlation between parenchymal ADC and biohumoural pa- (Fig. 10) . I valori ottenuti con b massimo sono risultati sovrapponibili a quelli riportati in letteratura in pazienti adulti con sequenze acquisite a respiro sospeso o con trigger respiratorio [16, 18, 34] (Fig. 11) [33] .
Nell'ambito della patologia nefro-urinaria pediatrica, significativi potrebbero essere i vantaggi di una tecnica capace di fornire informazioni inerenti la funzione renale in tempi ridotti, anche se un sicuro utilizzo del DwI in questo senso non è ancora stato stabilito [36] . Anche le nefropatie da reflusso o da stenosi del giunto pielo-ureterale potrebbero giovarsi del DwI, se fosse confermata l'esistenza di una correlazione tra ADC parenchimale e parametri bioumorali di funzionalità renale [28] .
Applicazioni in ambito muscolo-scheletrico
Negli ultimi anni sono state proposte tecniche avanzate di acquisizione RM [37] tra le quali la diffusione, in particolare nell'ambito dei tessuti molli [38] , del midollo osseo [7] e delle articolazioni (versamento e cartilagine) [6, 39] .
Per quanto riguarda i tessuti molli, non esistono univoci valori di normalità di ADC: la letteratura riporta valori trascurabili di D per le strutture adipose e fibrose e conferma condizioni di diffusione anisotropica a livello muscolare (Fig. 12) , dovuta all'orientamento delle fibre [40] . Ahvenjarvi rameters of renal function is confirmed [28] .
et al. hanno valutato con sequenze in D del tipo SE-EPI-SSh le modificazioni dell'ADC in risposta all'esercizio
Musculoskeletal applications
In recent years, a number of advanced MR acquisition techniques have been proposed [37] , including Dw imaging sequences, particularly for the study of soft tissue [38] , bone marrow [7] and joints (effusion and cartilage ) [6, 39] . With regard to soft tissue, there are no unequivocally normal ADC values. The literature reports insignificant D values for adipose and fibrous structures and confirms conditions of anisotropic diffusion in the muscles (Fig. 12) owing to fibre orientation [40] . Ahvenjarvi et al.
[5] used SE-EPISSh sequences to assess changes in ADC in response to physical exercise showing an increase in ADC under exertion probably due to an increase in microcirculation (pseu- The possibility of differentiating benign from malignant lesions has also been advanced in this region. One study [38] reports a mean ADC value significantly higher in benign lesions (1.71x10 -3 mm 2 /s) than in malignant lesions (1.08x10 -3 mm 2 /s). These findings have nonetheless been contradicted by a more recent study [41] performed on a limited case series (29 lesions, of which 16 were benign and 13 malignant) and which found no significant difference between these two groups: ADC for benign lesions ranged from 1 to 2.9x10 -3 mm 2 /s while the value for malignant lesions ranged from 0.9 to 2.3x10 -3 mm 2 /s. Yet another study [42] came to an intermediate conclusion: based on a larger case series (60 lesions) and using a b value of 1,000 s/mm 2 , Dw imaging was unable to successfully differentiate myxomatous lesions only whereas it was particularly effective in differentiating cartilaginous lesions. With regard to the high ADC value of benign lesions, it has been emphasised that the high values found in soft tissue angiomas is due to a significant component of pseudodiffusion, or "sloshing effect" (perfusion, i.e. nondiffusional IVIM) produced by blood flow within the lesion [43] . metta una significativa distinzione tra tumori benigni e maligni, mentre tale differenziazione sarebbe particolarmente significativa nelle lesioni cartilaginee [42] . È infine da ricordare, a proposito dell'elevato valore di ADC delle lesioni benigne, che è stato sottolineato come gli alti valori riscontrati negli angiomi dei tessuti molli siano dovuti ad una significativa componente di pseudodiffusione o "sloshing effect" (perfusione ovvero IVIM non diffusionali), prodotta dal flusso ematico all'interno della lesione [43] .
Se la caratterizzazione tumorale non ha offerto finora dati univoci, vi è maggiore accordo sull'efficacia del DwI nel follow-up post-chemio e radioterapia. Secondo alcuni studi il DwI sarebbe infatti in grado di caratterizzare i tessuti neoplastici e di differenziare le aree di necrosi (ad elevato ADC) dai residui tumorali (a basso ADC) [44, 45] . Sono stati inoltre riscontrati valori di ADC significativamente superiori (p<0,0019) nell'edema dei tessuti muscolari perilesionali e negli igromi, rispetto alle recidive tumorali [46] . La RM presenta un'elevata sensibilità nella valutazione delle alterazioni ossee, che nella maggior parte dei casi determinano una riduzione del segnale nelle sequenze T1 ed un aumento in quelle T2-pesate; la specificità della metodica 2 ). Typical magnetic susceptibility artefact at the level of the gastric bulla (white arrowhead). Progressive signal reduction of parenchymal organs with increasing b value, best appreciated at renal parenchyma level (white arrows) owing to increased diffusion of water molecules. While findings regarding tumour differentiation have not been unequivocal to date, there is greater consensus regarding the effectiveness of Dw imaging in postchemotherapy and radiotherapy follow-up. Studies have shown that Dw imaging is capable of characterizing neoplastic tissue and differentiating areas of necrosis (high ADC) from tumour residue (low ADC) [44, 45] . In addition, significantly higher ADC values have been found (p<0.0019) in the oedema of perilesional muscular tissue and in hygromas than in relapsed tumour [46] .
MR has high sensitivity in assessment of bone alterations, which in most cases cause a signal decrease in T1 and an increase in T2 although its specificity in distinguishing oedema from inflammation or tumours is low. Assessment of normal ADC values in bone obviously refers to bone marrow, given the absence of diffusion in the compact component of bone. Values reported in the literature vary according to intrinsic factors (yellow marrow has a lower "diffusible" water component than red marrow) and technical factors, such as sequences and, above all, b values used. Normal bone marrow has an ADC value lower than 0. , there is a significant loss of axillary lymph node signal but not of the mediastinal mass, which maintains high signal intensity. d Apparent diffusion coefficient (ADC) map: high lymph node signal as a consequence of high diffusion (°) at that level, most likely due to colliquative phenomena. In contrast, the tumour signal has low ADC (*), probably produced by high cellularity of the lesion; the tumour therefore is characterized by low ADC but has a high signal in Dw. /s) and hypercellular (1.29x10 -3 mm 2 /s), the last of which was measured in paediatric patients. These high levels may be explained by the low b values used (30-300 s/mm 2 ). Indeed, in another case series, ADC calculated with b=800 s/mm 2 on a population of 15 paediatric patients under 5 years of age (i.e. with nearly ubiquitous hypercellular marrow) was lower, with a value of 0.57x10 -3 mm 2 /s (Fig. 13) [50]. In theory, any condition that increases the extracellular space should increase ADC value, which, in contrast, decreases in the presence of hypercellularity (due to an increase ipercellulare pressoché ubiquitario) è risultato inferiore, con valori di 0,5x10 -3 mm 2 /s (Fig. 13) 12 Muscular anisotropy. Acquisition of single-shot echoplanar diffusion-weighted (SE-EPI-Dw) images using orthogonal diffusion gradients oriented along the anteroposterior axis (AP, corresponding to the phase code), laterolateral (LL, corresponding to the read code) and craniocaudal (CrC, corresponding to the slice selection) direction, respectively. Axial DW slice image, obtained along the longitudinal axis of the soleus muscle and the lateral belly of the triceps sura, shows greater hypointensity (white arrowhead) than shown by Dw images acquired along the other two directions in space. This is due to the greater diffusion in that direction, as the apparent diffusion coefficient (ADC) value under each image demonstrates. in the number of cells and therefore membranes per unit of volume, with consequent "restricted diffusion"). This is the basis for using Dw imaging to assess vertebral collapse in the attempt to distinguish those due to osteoporosis and those "secondary" in nature, especially when oedema is present in the entire vertebral body and/or peduncles [51] . Numerous studies have assessed the capabilities of Dw imaging to characterize vertebral collapse, in some cases even obtaining a quantification of ADC of the collapsed vertebral body. In a sample of 102 fractures, a specificity of 91% was calculated in the diagnosis of "secondary" collapse [52] . When assessed with the same sequence, vertebral collapse due to osteoporosis tends to have a hypointense signal in Dw sequences (i.e. high diffusion -high ADC) while vertebral collapse due to metastasis has a hyperintense signal in Dw (low diffusionlow ADC) [53] . Bearing in mind that SE-EPI-SSh sequences enable ADC to be quantified, in the case series with similar and, for the most, part high b values (880-1,000 s/mm 2 ), calculated ADC value ranges from 1.61 to 1. Castillo et al.
[55], however, report findings contradictory to the above even though in the study there were as many as 9/15 known sclerotic metastases, in which the limited presence of diffusible water molecules produces a low signal in both reference images (b=0) and Dw images. The risk of false negatives in repetitive osteoporotic lesions has also been emphasized in another study [49] . It should also be borne in mind that this limitation is, in part, linked to the use of sequences in the studies mentioned that do not enable calculation of ADC.
We have already noted that ADC of bone marrow may vary in healthy subjects on the basis of the degree of adipose involution. This would justify the higher ADC value in haematopoietic marrow in the paediatric population, particularly those under 5 years of age, when both axial and appendicular skeletons (with the exception of phalanxes) are hypercellular [56] . Dw imaging is able to distinguish those different characteristics of the marrow [7] since areas of high cellularity have a higher ADC value than hypocellular areas. . Signal-to-noise ratio progressively decreases as b increases. Marked hypointensity of the marrow almost remains the same while the hyperintense fissure of the metaphysis at the level of both femur (white arrows) and tibia is evident. It has been shown that there is no significant difference in ADC between normal hypercellular marrow and marrow with hypercellularity resulting from lymphomatous infiltration while the difference is significant between hypocellular marrow, normocellular marrow and hypercellular haematopoietic marrow [7] . Lymphomatous infiltration was assessed in another study that showed higher specificity of DW imaging than T1-and T2-weighted sequences (92.5% vs. 77% and 91%, respectively) although a lower sensitivity than SE T1 (77% vs. 92%) [57] . All the above clearly suggests that any alteration to the extracellular compartment and the cellularity of bone marrow can be measured as a change in proton diffusion. /s were calculated for medullary oedema and metastasis, respectively. There have been no clinical studies regarding the use of Dw imaging in bone tumours, with the exception of the above-mentioned work on vertebral metastasis and the relatively few studies regarding lymphomatous infiltration. However, thanks to a number of experimental studies, including the above-mentioned study by Lang et al. [44] , we know that ADC can be a sensitive indicator of the response of those tumours to treatment (given the progressive increase in ADC in the necrotic component). In a study performed on patients affected by vertebral metastasis and in a time interval ranging from 1 to 6 months following radio- /s). These changes first appeared 1 month after the beginning of therapy, which, if confirmed, would place Dw imaging at a distinct advantage over bone scintigraphy, which cannot be performed prior to 6 months due to the false hyperfixation produced in that period by bone repair. In the same way, using a b value of 1,000 s/mm 2 , an ADC value was shown at the peak effectiveness of treatment to be about three times higher than the value when treatment began [59] .
Cartilaginous structures have the potential to be well assessed by Dw imaging thanks to their high water content [39] . One study established a correlation between loss of proteoglycans, which occurs in degenerative processes, and increase in cartilaginous ADC [60] . However, only in recent years and thanks to the development of new acquisition techniques have targeted studies been performed in this respect. The technical limitation regards the short T2 of cartilage, which necessitates Dw sequences with a relatively low TE and appropriate spatial resolution. In this sense, the SE-EPISSh sequences, despite having a very short TE, are unable to provide high resolution images while SSFP sequences, as stated above, have the disadvantage of not enabling the calculation of ADC. For these reasons, early studies of joints were performed on samples of cartilage and often with dedicated devices. A steady-state DW sequence has recently been used with an "echo navigator" to reduce motion artefacts and increase spatial resolution. The patellar cartilage showed a progressive reduction in signal intensity with an increasing b value while the signal for synovial fluid was totally absent due to high diffusion [61] . This finding appears to vary in relation to the nature of the effusion: a significant difference between ADC of effusion of a degenerative and inflammatory nature was found (2.4x10 -3 mm 2 /s and 3.1x10 -3 mm 2 /s, respectively) [6] . The authors of the study explain this finding as the result of hyaluronidase activity present in inflammatory forms, which causes reduction in hyaluronic acid concentration, with a consequent decrease in viscosity.
The dependence of Dw images on diffusivity of water molecules and the possibility of quantifying their movement therefore hold great promise for increasing the global ability of MR to distinguish benign from malignant lesions. In some cases, as in assessment of vertebral fractures and follow-up of soft tissue tumours or lymphomas undergoing adjuvant treatment, a large number of studies have been published, and the preliminary results obtained to date appear encouraging. Work done to date regarding use of Dw imaging to asses cartilage, although limited to in vitro studies, seems to offer developments in the near future in line with technological progress in hardware (coils with a higher SNR) and software (new sequences) in response to clinical and therapeutic needs of increasingly "molecular" imaging techniques. Nonetheless, an increase in spatial resolution will be re- quired along with elimination of the effects of capillary flow on the genesis of the diffusion signal to establish reliable ADC values that are reproducible in the various districts and individual pathologies. Dw sequences also need to be validated on a broad number of cases in an attempt to define sequences and b values that guarantee optimal results in the musculoskeletal district.
Recently, a number of studies were performed on animals using a diffusion sequence with steady-state sequential acquisitions known as "line scan", both before and after induction of femoral ischaemia [62] . The study showed a variation of ADC values in the epiphysis characterized by an initial reduction (-26% in the first 3 h) followed by progressive increase (+27% after 5 h; +75% after 96 h). These findings are suggestive of early cytotoxic oedema, which would justify the initial restricted diffusion and consequent cellular lysis, which, in contrast, would tend to increase water molecule diffusion.
These findings may have a significant impact in paediatrics regarding treatment of Legg-Calvé-Perthes disease, in which knowledge of the extension of ischaemia and its duration is vital for establishing the most appropriate treatment. The results seem to confirm anecdotal evidence: medullary oedema with a mean ADC of 1.22x10 -3 mm 2 /s compared with a normal value of 0.56x10 -3 mm 2 /s [50]. An increase in diffusion is also identifiable in osteomyelitis, mostly likely due to hyperaemia, an increase in extracellular space and presence of necrotic foci. However, Dw imaging does not appear to be able to differentiate between an increase in ADC present in inflammatory foci and an increase due to medullary oedema and osteochondritis [63] . In some cases of osteomyelitis, a mean ADC of 1.27x10 -3 mm 2 /s was found [50] . The same study also noted in a limited number of cases a significant reduction in ADC after a cycle of antibiotics (Fig. 15) . Considering the extremely short duration of Dw sequences (about 30 s with SE-EPI sequences) and the peculiarity of paediatric imaging, this finding may suggest the use of Dw imaging in follow-up of bone marrow inflammation in general and osteomyelitis in particular. References/Bibliografia
